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(57) ABSTRACT

Provided is a power receiving device in which supply of
power from a power supply device can be stopped while a
reduction in Q-value is suppressed. The power receiving
device includes a first antenna which forms resonant coupling
with an antenna of the power supply device; a second antenna
which forms electromagnetic induction coupling with the
first antenna; a rectifier circuit including a plurality of
switches and performing a first operation or a second opera-
tion depending on whether the plurality of switches is ON or
OFTF, the first operation being an operation in which voltage
applied from the second antenna is rectified to be outputted,
and the second operation being an operation in which a pair of
power supply points is short-circuited; a load to which the
voltage is applied; and a control circuit which generates a
signal for selecting ON or OFF of the plurality of switches.

14 Claims, 11 Drawing Sheets

202 201 IZ1 y)Z 109 ]2’3
PSS ST i 5
ESHIF RIS }
1 I e n
H === +
] T Ao 1
P [207; H
al b e o ' [N
i : i
I H i
i
[N
i
200 power_ 100 power_ L
supply device receiving device “TTT[ 77,
205 | | 106 |_'| 104 |




US 9,231,429 B2

Page 2
(51) Int. CL. 2007/0285246 Al  12/2007 Koyama
02T 7/16 2006.01 2008/0210762 Al 9/2008 Osada et al.
HOIF 21/08 (2006 01) 2010/0109443 Al* 5/2010 Cooketal. ...c.ocevvvennnne 307/104
( : ) 2010/0244577 Al 9/2010 Shimokawa
HOIF 29/00 (2006.01) 2010/0244580 Al 9/2010 Uchida et al.
HOIF 37/00 (2006.01) 2010/0259109 Al  10/2010 Sato
HO1F 38/00 (2006.01) 2010/0289449 Al  11/2010 Elo
2011/0018358 Al 1/2011 Kozakai
gz;% ;j;é (388281) 2011/0080053 Al 4/2011 Urano
(2006.01) 2011/0095619 Al 4/2011 Urano
FO2P 3/02 (2006.01) 2011/0101791 Al 5/2011 Urano
H02J 7/02 (2006.01) 2011/0227421 Al 9/2011 Sakoda et al.
HOIF 38/14 (2006.01) 2011/0270462 Al  11/2011 Amano et al.
2012/0032521 Al 2/2012 Inoue et al.
HO2J 5/00 (2006'01) 2012/0133212 Al 5/2012 Kamata
. 2012/0161529 Al 6/2012 Kamata et al.
(56) References Cited 2013/0082648 Al 4/2013 Kamata
2013/0119776 Al 5/2013 Kamata
U.S. PATENT DOCUMENTS 2013/0147281 Al 6/2013 Kamata
2013/0154385 Al 6/2013 Miwa et al.
5,790,946 A 8/1998 Rotzoll 2013/0154556 Al 6/2013 Takahashi et al.
6,509,217 Bl 1/2003 Reddy
6,737,302 B2 5/2004 Arao
6,837,438 Bl 1/2005 Takasugi et al. FOREIGN PATENT DOCUMENTS
7,180,421 B2 2/2007 Pah_laven et al. P 2002-101578 4/2002
7,209,771 B2 4/2007 Twitchell
. JP 2006-180073 7/2006
7,301,830 B2  11/2007 Takahashi et al.
. Jp 2010-119246 5/2010
7,394,382 B2 7/2008 Nitzan et al. P 2010-130878 6/2010
8,045,947 B2* 10/2011 Mandal etal. ................ 455/299
P 2010-193598 9/2010
8,487,481 B2* 7/2013 Cooketal. ... ... 307/104
Jp 2010-219838 9/2010
8,947,041 B2* 2/2015 Cooketal. .....cceevrvrrnen. 320/108
p Jp 2010-239690 10/2010
2002/0049714 Al 4/2002 Yamazaki et al.
o Jp 2010-239769 10/2010
2002/0130675 Al 9/2002 Hiroki
L JP 2010-252446 11/2010
2002/0132383 Al 9/2002 Hiroki et al.
N Jp 2010-252468 11/2010
2003/0017804 Al 1/2003 Heinrich et al.
p Jp 2011-029799 2/2011
2003/0104848 Al 6/2003 Brideglall
. WO WO-2010/055381 Al 5/2010
2004/0077383 Al 4/2004 Lappetelainen et al.
WO WO-2010/064584 Al 6/2010
2004/0128246 Al 7/2004 Takayama et al.
WO WO-2010/119577 Al 10/2010
2004/0131897 Al 7/2004 Jenson et al. WO WO-2012/070634 Al 5/2012
2004/0145454 Al 7/2004 Powell et al.
2005/0020321 Al 1/2005 Rotzoll OTHER PUBLICATIONS
2005/0215119 Al 9/2005 Kar_leko
2005/0254183 Al 11/2005 Ishida et al. Karalis.A et al., “Efficient wireless non-radiative mid-range energy
2006/0009251 Al 1/2006 No_da ot ?.11' transfer”, Annals of Physics, 2008, vol. 323, pp. 34-48.
2007/0216348 Al 9/2007 Shionoiri et al. Kurs.A et al.. “Wireless P Transfer via Stronely Coupled M
2007/0229228 Al 10/2007 Yamazaki et al. urs.A et al, “WIIeless Tower Lransier via Strongly -oupied viag-
2007/0229271 Al 10/2007 Shionoiri et al. netic Resonances,”, Science, Jul. 6, 2007, vol. 317, No. 5834, pp.
2007/0229279 Al 10/2007 Yamazaki et al. 83-86.

2007/0229281 Al  10/2007 Shionoiri et al.
2007/0278998 Al 12/2007 Koyama * cited by examiner



US 9,231,429 B2

Sheet 1 of 11

Jan. 5, 2016

U.S. Patent

o1

1o}
o
—

9]

L
L e

90IAGp BUIAIS00
~JoMod o[

-------l---------
|

-k = ———————

602

¥02

90IASp A|ddNS
J9Mod Q0g

- ———— -y




US 9,231,429 B2

Sheet 2 of 11

Jan. 5, 2016

U.S. Patent

T

Lo
o
—

90IAOp BUIAI90D.
Jomod Q0|

9}

9DIN9p A[ddns
Jamod 00z

G0¢

14V

- ————-—

et DR R Y
pm———=d————

ST~
~
O]

N
o
N




U.S. Patent Jan. 5,2016 Sheet 3 of 11 US 9,231,429 B2

110 QOFR)( ON )QOFF&( ON )QOFFN ON )@ow&
11 (on )QOFF®( ON XTOFFX_ON XSOFE ON )

................................................................................................................................

110 ( ON >




US 9,231,429 B2

Sheet 4 of 11

Jan. 5, 2016

r
]
[}
]
]
L

0l fmmmmmmmmmmmeee \
IIIIIIIIIIIIII ] 1
“— ..IIII..m m .-Illl..m “—
| ¥ “ o
“ 5 | N
s0! | D " -4
“ 1 “ P
! ! “ i
! tempma ! | — 1
- ::N: ———i v e [
I/
€0l zg; 601 80¢ ¢oz €0¢ m.w muHH_
! i T e T
“ “ IS % e
“ “ i 1 “
| “ | e RE
> t - 1 4-HISHOO
_ ' ! i - 'y
] ] 1 " |
' ! ! . ]
' : ! [

U.S. Patent

Ry
:
~
~

101 102 80¢ 202 €0¢ <.W GHH_



US 9,231,429 B2

Sheet 5 of 11

Jan. 5, 2016

U.S. Patent

143"

Gl

90IAGp SUIAIS0D
JoMod Q0|

O
—

- - - - o - o]
- - - - d

[
benon o oo o

Q

€01 601 20l

G Ol



U.S. Patent Jan. 5,2016 Sheet 6 of 11 US 9,231,429 B2

FIG. 6A 303




US 9,231,429 B2

Sheet 7 of 11

Jan. 5, 2016

U.S. Patent

96'Gl 9Gv1 9G6'¢l 967¢! 9G°L1

—]
gwened |

I

guwsned ] _ft\ \N/ .\ 4L)

[ T

A
| uiened

[gp] 4o4sueay somod JO SSO

L Ol4



US 9,231,429 B2

Sheet 8 of 11

Jan. 5, 2016

U.S. Patent

Y

3

0
:

104

106

100 power
receiving device




US 9,231,429 B2

Sheet 9 of 11

Jan. 5, 2016

U.S. Patent

201

202
/

20/9 208

FIG. 9

205

204

||||||||||||||

200 power supply device




U.S. Patent Jan. 5,2016 Sheet 10 of 11 US 9,231,429 B2

FIG. 10A

211t
212t

..............................

213t
214t

----------------------------

110t

...............................

...............................

...................................................................................................

Vp

110t

___________________________________________________________________________________________________

111t

-------------------------------------------------------------------------------------------------



U.S. Patent Jan. 5,2016 Sheet 11 of 11 US 9,231,429 B2

s
3

500

503




US 9,231,429 B2

1
POWER RECEIVING DEVICE AND
WIRELESS POWER SUPPLY SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a power receiving device
that wirelessly receives power, a wireless power supply sys-
tem including the power receiving device, and a wireless
power supply method.

2. Description of the Related Art

A wireless power supply technique for wirelessly supply-
ing power from a power supply device to a power receiving
device by electromagnetic induction has been developed and
come into practical use. In recent years, a wireless power
supply technique for supplying power by electromagnetic
resonance (electromagnetic resonant coupling) that enables
long-distance power transmission as compared to a wireless
power supply technique for supplying power by electromag-
netic induction has attracted attention. Unlike by electromag-
netic induction, by electromagnetic resonance, high power
transmission efficiency can be maintained even when the
transmission distance is several meters, and power loss due to
misalignment of an antenna of a power supply device and an
antenna of a power receiving device can be reduced.

Patent Document 1 and Non-Patent Document 1 disclose
wireless power supply techniques utilizing electromagnetic
resonance.

In electromagnetic resonant wireless power supply dis-
closed in Patent Document 1 and Non-Patent Document 1, a
power supply device and a power receiving device each
include two antennas. Specifically, the power supply device
includes an antenna to which power is supplied from a power
source through a contact and a resonant antenna that is
coupled with the antenna by electromagnetic induction. Fur-
ther, the power receiving device includes a power receiving
antenna for supplying power to a load through a contact and
a resonant antenna that is coupled with the antenna by elec-
tromagnetic induction. When the resonant antenna of the
power supply device and the resonant antenna of the power
receiving device are coupled with each other by magnetic
resonance or electric field resonance, power is wirelessly
supplied from the power supply device to the power receiving
device.

REFERENCE

[Patent Document 1] Japanese Published Patent Application
No. 2010-219838.

[Non-Patent Document 1] Andre Kurs et al., “Wireless Power
Transfer via Strongly Coupled Magnetic Resonances”,
Science, Jul. 6, 2007, Vol. 317, pp. 83-86.

SUMMARY OF THE INVENTION

Further, in electromagnetic resonance, as described above,
the transmission distance can be set to be long and the allow-
able range of positional deviation between resonant antennas
is wide. Therefore, restriction on a positional relation
between a power supply device and a power receiving device
is smaller in electromagnetic resonance than in electromag-
netic induction, which is advantageous when power is sup-
plied to a plurality of power receiving devices. However, in
the case of a plurality of power receiving devices, even when
the resonance frequency of the power supply device is equal
to that of the power receiving device, power transmission
efficiency of the total power transmitted from the power sup-
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2

ply device to the plurality of power receiving devices is lower
than in the case where one power supply device is paired with
one power receiving device because resonant antennas of the
plurality of power receiving devices interfere with each other.
Further, in a power receiving device in which charging is
completed and supply of power is unnecessary, a circuit ele-
ment, a wiring, and the like that are connected to a power
receiving antenna are charged and discharged, which causes
power consumption. In addition, supply of power from the
power supply device to the power receiving device in which
charging is completed is not stopped, whereby transmission
efficiency of power supplied to a power receiving device
while charging remains low.

One of effective methods to increase power transmission
efficiency is to short-circuit a pair of power supply points of a
coil of a resonant antenna in the power receiving device in
which charging is completed of the plurality of power receiv-
ing devices by a switch. When the pair of power supply points
of the coil is short-circuited, magnetic resonant coupling or
electric field resonant coupling formed between a resonant
antenna of the power supply device and the resonant antenna
of'the power receiving device can be decoupled. Accordingly,
the power receiving device in which charging is completed
hardly inhibits magnetic resonance coupling or electric field
resonance coupling between the power supply device and
another power receiving device, which leads to an increase in
power transmission efficiency.

However, in this method, it is necessary to provide, in the
resonant antenna, a switch for a short circuit and a wiring, a
circuit element, and the like for selecting ON or OFF of the
switch, which causes an increase in resistance of the whole
resonant antenna. Therefore, it cannot be said that the above
method is preferable because in electromagnetic resonance,
Q-value is reduced due to an increase in resistance of the
whole resonant antenna to decrease power transmission effi-
ciency.

Inview ofthe foregoing technical background, an object of
one embodiment of the present invention is to provide a
power receiving device in which supply of power from a
power supply device can be stopped while a reduction in
Q-value is suppressed. Further, an object of the present inven-
tion is to propose a wireless power supply system with high
efficiency of power transmission or a wireless power supply
method with high efficiency of power transmission, in which
the power receiving device is used.

Inone embodiment of the present invention, a pair of power
supply points of an antenna element of a power receiving
antenna in a power receiving device is short-circuited using a
rectifier circuit of the power receiving device. Specifically,
the rectifier circuit includes one or more switches for electri-
cally connecting the pair of power supply points to each other.
Any of the one or more switches is ON, so that the pair of
power supply points of the antenna element can be short-
circuited. Further, in the rectifier circuit, any of the one or
more switches is ON or OFF in accordance with AC voltage
generated by an AC power source of the power supply device,
so that the potential of one of the power supply points of the
antenna element is outputted from the rectifier circuit.

More specifically, a power receiving device according to
one embodiment of the present invention includes a first
antenna which forms magnetic resonance coupling or electric
field resonance (hereinafter simply referred to as resonance)
coupling with an antenna of the power supply device; a sec-
ond antenna which forms electromagnetic induction coupling
with the first antenna; a rectifier circuit including a plurality of
switches and performing a first operation or a second opera-
tion depending on whether each of the plurality of switches is
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ON or OFF, the first operation being an operation in which
voltage applied from the second antenna is rectified to be
outputted, and the second operation being an operation in
which a pair of power supply points of an antenna element of
the second antenna is short-circuited; a load to which the
voltage outputted from the rectifier circuit is applied; and a
control circuit which generates a signal for selecting ON or
OFF of each of the plurality of switches in the first operation
and the second operation by the rectifier circuit.

Further, the power receiving device according to one
embodiment of the present invention may include a receiving
circuit which wirelessly receives a signal including, as data, a
cycle of the AC voltage generated in the power supply device.
The receiving circuit includes an antenna, a rectifier circuit, a
demodulation circuit, and the like. With the use of the signal
including the cycle of the AC voltage as data, the control
circuit generates a signal for selecting ON or OFF of each of
the plurality of switches in the rectifier circuit in the first
operation in accordance with the cycle of the AC voltage
generated in the power supply device.

Further, the power receiving device according to one
embodiment of the present invention may include a power
storage device such as a secondary battery or a capacitor as
the load. The control circuit generates a signal for selecting
ON or OFF of each of the plurality of switches so that the
rectifier circuit performs the first operation while charging of
the power storage device is performed. Further, the control
circuit generates a signal for selecting ON or OFF of each of
the plurality of switches so that the rectifier circuit performs
the second operation while charging of the power storage
device is not performed.

In the power receiving device according to one embodi-
ment of the present invention, the pair of power supply points
of the antenna element of the power receiving antenna is
short-circuited. With the above structure, supply of power to
a circuit element, a wiring, and the like that are connected to
the power receiving antenna is stopped; therefore, the reso-
nant antenna of the power receiving device does not substan-
tially receive power from the resonant antenna of the power
supply device. Therefore, in the power receiving device
according to one embodiment of the present invention, supply
of power from the power supply device can be stopped with-
out a short-circuit between the pair of power supply points of
the antenna element of the resonant antenna. Further, in a
wireless power supply system or a wireless power supply
method according to one embodiment of the present inven-
tion, the stop of the supply of power from the power supply
device to the power receiving device in which charging is
completed can improve power transmission efficiency from
the power supply device to another power receiving device.

In one embodiment of the present invention, with the above
structure, a power receiving device in which supply of power
from a power supply device can be stopped while a reduction
in Q-value is suppressed can be provided. Further, in one
embodiment of the present invention, a wireless power supply
system with high efficiency of power transmission or a wire-
less power supply method with high efficiency of power
transmission, in which the power receiving device is used, can
be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a structure of a wireless power supply
system.

FIG. 2 illustrates a structure of a wireless power supply
system.

FIGS. 3A and 3B each show a timing chart.
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4

FIGS. 4A and 4B show conceptual diagrams each illustrat-
ing operation of a wireless power supply system.

FIG. 5 illustrates a structure of a power receiving device.

FIGS. 6A to 6C eachillustrate conditions of an experiment.

FIG. 7 illustrates a relation between loss of power transfer
and frequency f.

FIG. 8 illustrates a structure of a power receiving device.

FIG. 9 illustrates a structure of a power supply device.

FIGS. 10A and 10B each show a timing chart.

FIGS. 11A and 11B each illustrate a state of wireless power

supply.
DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments of the present invention will be
described in detail with reference to the accompanying draw-
ings. However, the present invention is not limited to the
following description and it is easily understood by those
skilled in the art that the mode and details can be variously
changed without departing from the scope and spirit of the
present invention. Therefore, the present invention should not
be interpreted as being limited to the description in the fol-
lowing embodiments.

Embodiment 1

FIG. 1 illustrates an example of a wireless power supply
system according to one embodiment of the present inven-
tion. The wireless power supply system in FIG. 1 includes a
power receiving device 100 and a power supply device 200.

The power receiving device 100 includes a resonant
antenna 101, a power receiving antenna 102, a rectifier circuit
103, a control circuit 104, a load 105, and a receiving circuit
106. Further, the power supply device 200 includes a resonant
antenna 201, an antenna 202, an AC power source 203, a
control circuit 204, and a transmitting circuit 205.

First, a specific structure of the power supply device 200 is
described.

The resonant antenna 201 includes an antenna element 206
that is an inductor and capacitance in the antenna element
206. Further, in order to adjust the resonant frequency of the
resonant antenna 201, a capacitor may be connected to the
antenna element 206 in addition to the capacitance in the
antenna element 206. In F1G. 1, the capacitance in the antenna
element 206 and the capacitor for adjusting the resonant
frequency are collectively referred to as a capacitor 207. The
resonant antenna 201 in FIG. 1 is shown in an equivalent
circuit in which the antenna element 206 and the capacitor
207 are connected to each other.

The antenna element 206 can be a spiral conductor, a loop
conductor, a helical conductor, or the like. The inductance of
the antenna element 206 and the capacitance of the capacitor
207 are set so that the resonant frequency of the resonant
antenna 201 is equal to the resonant frequency of the resonant
antenna 101 of the power receiving device 100. With the
above structure, resonant coupling can be formed between the
resonant antenna 201 and the resonant antenna 101. Note that
resonant coupling means a state in which power or a signal is
wirelessly transmitted and received by resonance.

The antenna 202 includes an antenna element 208 that is an
inductor. A capacitance may exist in the antenna element 208
or a capacitor may be connected to the antenna element 208.
In FIG. 1, the capacitance in the antenna element 208 and the
capacitor for adjusting the resonant frequency are collectively
referred to as a capacitor 209. The antenna 202 in FIG. 1 is
shown in an equivalent circuit in which the antenna element
208 and the capacitor 209 are connected to each other.
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Further, as in the antenna element 206, the antenna element
208 can be a spiral conductor, a loop conductor, a helical
conductor, or the like. Note that in the antenna 202, the shape
(e.g., diameter) of the antenna element 208 and the positional
relationship between the antenna element 206 and the
antenna element 208 are set so that the magnitude of magnetic
flux that is outputted from the antenna 202, is interlinked with
the resonant antenna 201, and contributes to induced electro-
motive force in the resonant antenna 201, that is, the magni-
tude of main magnetic flux increases. Specifically, it is pref-
erable that the diameter of the antenna element 208 be larger
than a distance between the antenna element 206 and the
antenna element 208 in order to improve power transmission
efficiency between the resonant antenna 201 and the antenna
202. With the above structure, electromagnetic induction cou-
pling can be formed between the antenna 202 and the resonant
antenna 201. Note that electromagnetic induction coupling
means a state in which power or a signal is wirelessly trans-
mitted and received by electromagnetic induction.

The AC power source 203 has a function of supplying AC
voltage to the antenna 202. A cycle of the AC voltage which
is supplied from the AC power source 203 to the antenna 202
is controlled by the control circuit 204. The transmitting
circuit 205 has a function of wirelessly transmitting a signal
including the cycle as data to the power receiving device 100
when the signal is supplied from the control circuit 204.
Specifically, the transmitting circuit 205 includes a modula-
tion circuit or the like and, by applying modulation to AC
voltage applied to the antenna 202, superimposes the signal
including the cycle as data on a radio wave transmitted from
the antenna 202.

Next, a specific structure of the power receiving device 100
is described.

The resonant antenna 101 includes an antenna element 107
that is an inductor and capacitance in the antenna element
107. Further, in order to adjust the resonant frequency of the
resonant antenna 101, a capacitor may be connected to the
antenna element 107 in addition to the capacitance in the
antenna element 107. In FIG. 1, the capacitance in the antenna
element 107 and the capacitor for adjusting the resonant
frequency are collectively referred to as a capacitor 108. The
resonant antenna 101 in FIG. 1 is shown in an equivalent
circuit in which the antenna element 107 and the capacitor
108 are connected to each other.

The antenna element 107 can be a spiral conductor, a loop
conductor, a helical conductor, or the like. The inductance of
the antenna element 107 and the capacitance of the capacitor
108 are set so that the resonant frequency of the resonant
antenna 101 is equal to the resonant frequency of the resonant
antenna 201 of the power supply device 200. With the above
structure, resonant coupling can be formed between the reso-
nant antenna 101 and the resonant antenna 201.

The power receiving antenna 102 includes an antenna ele-
ment 109 that is an inductor. As in the antenna element 107, a
capacitance may exist in the antenna element 109 or a capaci-
tor may be connected to the antenna element 109. Further, as
in the antenna element 107, the antenna element 109 can be a
spiral conductor, a loop conductor, a helical conductor, or the
like. Note that in the power receiving antenna 102, the shape
(e.g., diameter) of the antenna element 109 and the positional
relationship between the antenna element 107 and the
antenna element 109 are set so that the magnitude of magnetic
flux that is outputted from the resonant antenna 101, is inter-
linked with the power receiving antenna 102, and contributes
to induced electromotive force in the power receiving antenna
102, that is, the magnitude of main magnetic flux increases.
Specifically, it is preferable that the diameter of the antenna
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6

element 109 be larger than a distance between the antenna
element 107 and the antenna element 109 in order to improve
power transmission efficiency between the resonant antenna
101 and the power receiving antenna 102. With the above
structure, electromagnetic induction coupling can be formed
between the power receiving antenna 102 and the resonant
antenna 101.

Power supply points Al and A2 of the power receiving
antenna 102 are connected to input terminals B1 and B2 ofthe
rectifier circuit 103, respectively. Accordingly, the potential
of the power supply point A1 is applied to the input terminal
B1 and the potential of the power supply point A2 is applied
to the input terminal B2.

Note that the term “connection” in this specification refers
to electrical connection through a contact and corresponds to
the state in which current, a potential, or voltage can be
supplied or transmitted through a contact. Accordingly, a
connection state means not only a state of a direct connection
but also a state of indirect connection through a circuit ele-
ment such as a wiring, a resistor, a diode, or a transistor so that
current, a potential, or voltage can be supplied or transmitted.

The rectifier circuit 103 includes a plurality of switches.
FIG. 1 illustrates a specific example in which the rectifier
circuit 103 includes switches 110 and 111. Further, the recti-
fier circuit 103 includes a capacitor 112 in FIG. 1. Note that
the rectifier circuit 103 may further include another circuit
element such as a transistor, a diode, a resistor, a capacitor, or
an inductor as needed.

The switch 110 has a function of controlling connection
between the input terminal B1 and an output terminal C1 of
the rectifier circuit 103. That is, when the switch 110 is ON,
the potential of the power supply point A1 applied to the input
terminal B1 is applied to the output terminal C1 through the
switch 110. When the switch 110 is OFF, the potential of the
power supply point Al applied to the input terminal B1 is not
applied to the output terminal C1.

Further, the switch 111 has a function of controlling con-
nection between the input terminal B2 and the output terminal
C1 of'the rectifier circuit 103. That is, when the switch 111 is
ON, the potential of the power supply point A2 applied to the
input terminal B2 is applied to the output terminal C1 through
the switch 111. When the switch 111 is OFF, the potential of
the power supply point A2 applied to the input terminal B2 is
not applied to the output terminal C1 through the switch 111.

In one embodiment of the present invention, the rectifier
circuit 103 can perform two operations by selection of ON or
OFF of each of the plurality of switches.

First, in a first operation, one of the switches 110 and 111
and the other thereof are alternately ON and OFF, repeatedly,
whereby AC voltage applied between the power supply points
Al and A2 is rectified. Switching of ON and OFF of the
switches 110 and 111 is performed in accordance with the
cycle of the AC voltage applied between the power supply
points Al and A2. DC voltage that can be obtained by recti-
fication of the AC voltage is applied between the output
terminal C1 and an output terminal C2.

One of electrodes of the capacitor 112 is connected to the
output terminal C1 and the other of the electrodes of the
capacitor 112 is connected to the output terminal C2. Further,
a reference potential such as a ground potential is applied to
the output terminal C2 and a potential difference between the
output terminals C1 and C2 is smoothed by the capacitor 112.
Accordingly, the smoothed potential difference between the
output terminals C1 and C2 is applied to the load 105 as AC
voltage.

Further, in a second operation, the switches 110 and 111
are ON, so that the power supply points Al and A2 are



US 9,231,429 B2

7

short-circuited. When the power supply points Al and A2 are
short-circuited, the potentials of the power supply points Al
and A2 are substantially equal to the reference potential
applied to the output terminal C2. Therefore, in one embodi-
ment of the present invention, when the second operation is
performed in the rectifier circuit 103, supply of power to the
rectifier circuit 103, the load 105, another circuit element,
another wiring, and the like that are connected to the power
receiving antenna 102 can be stopped. Accordingly, resonant
coupling is not substantially formed between the resonant
antenna 101 of the power receiving device 100 and the reso-
nant antenna 201 of the power supply device 200.

The plurality of switches of the rectifier circuit 103 is
controlled in response to a signal for selecting ON or OFF that
is transmitted from the control circuit 104. Therefore, when
the plurality of switches of the rectifier circuit 103 is con-
trolled by the control circuit 104, whether the first operation
or the second operation is performed in the rectifier circuit
103 is selected. Specifically, in the case where power is wire-
lessly supplied from the power supply device 200 to the
power receiving device 100, the first operation is performed
in the rectifier circuit 103 in response to a signal from the
control circuit 104. Further, in the case where wireless power
supply from the power supply device 200 to the power receiv-
ing device 100 is stopped, the second operation is performed
in the rectifier circuit 103 in response to a signal from the
control circuit 104.

Note that the signal for controlling the plurality of switches
in the control circuit 104 may be generated in response to a
command inputted from an input device or the like or a signal
from the load 105. Note that the input of a command from the
input device may be performed manually or performed in
accordance with a distance between another electronic device
and the power receiving device 100 which is detected by a
mechanism provided in the input device.

The receiving circuit 106 receives the signal including the
cycle of the AC voltage as data and transmitted from the
transmitting circuit 205. Specifically, the receiving circuit
106 includes a demodulation circuit or the like and has a
function of extracting the signal including, as data, the cycle
from AC voltage received by the power receiving antenna
102.

Then, the signal received by the receiving circuit 106 is
applied to the control circuit 104. In the control circuit 104,
when AC voltage is rectified in the first operation, the switch-
ing of ON and OFF ofthe switches 110 and 111 is determined
using the signal from the receiving circuit 106.

Note that FIG. 1 illustrates an example in which a signal is
transmitted and received between the transmitting circuit 205
and the receiving circuit 106 through a group of antennas for
supplying power, that is, the antenna 202, the resonant
antenna 201, the resonant antenna 101, and the power receiv-
ing antenna 102. However, in one embodiment of the present
invention, a signal may be transmitted and received between
the transmitting circuit 205 and the receiving circuit 106 by a
group of antennas different from the group of antennas for
supplying power.

FIG. 2 illustrates an example of a wireless power supply
system according to one embodiment of the present invention
in the case where a signal is transmitted and received between
the transmitting circuit 205 and the receiving circuit 106 by a
group of antennas different from the group of antennas for
supplying power. The wireless power supply system in FIG. 2
is different from the wireless power supply system in FIG. 1
in that an antenna 210 connected to the transmitting circuit
205 and an antenna 113 connected to the receiving circuit 106
are additionally provided.
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In FIG. 2, the transmitting circuit 205 includes at least an
oscillator circuit in addition to the modulation circuit. In the
transmitting circuit 205, the modulation circuit modulates AC
voltage outputted from the oscillator circuit, whereby the
signal including the cycle of the AC voltage as data is super-
imposed on a radio wave outputted from the antenna 210.
When the antenna 113 receives the radio wave, AC voltage
generated by reception of the radio wave is transmitted to the
receiving circuit 106. The receiving circuit 106 in FIG. 2
includes a demodulation circuit or the like as in FIG. 1. The
receiving circuit 106 has a function of extracting the signal
including, as data, the cycle from the AC voltage transmitted
from the antenna 113.

Note that in FIG. 2, the antenna 210 and the antenna 113
may each have an antenna or a plurality of antennas.

Alternatively, modulation may be applied to a carrier wave
between the resonant antenna 101 of the power receiving
device 100 and the resonant antenna 201 of the power supply
device 200 with the antenna 210, whereby a signal is trans-
mitted from the transmitting circuit 205 to the receiving cir-
cuit 106. In this case, since a signal is transmitted from the
power receiving antenna 102 to the receiving circuit 106, the
antenna 113 is not needed.

Further, in one embodiment of the present invention, the
transmission of a signal from the transmitting circuit 205 to
the receiving circuit 106 can be performed by a communica-
tion method in accordance with an existing communication
standard, for example, infrared communication, a near field
communication method, or the like.

In the wireless power supply systems according to one
embodiment of the present invention which are illustrated as
examples in FIG. 1 and FIG. 2, the power supply device 200
is provided with the antenna 202, whereby the resonant
antenna 201 is not in contact with the AC power source 203.
With the above structure, in the power supply device 200, the
resonant antenna 201 can be electrically isolated from the
internal resistance of the AC power source 203. Further, the
power receiving device 100 is provided with the power
receiving antenna 102, whereby the resonant antenna 101 is
not in contact with the rectifier circuit 103 or the load 105.
With the above structure, in the power receiving device 100,
the resonant antenna 101 can be electrically isolated from the
internal resistance of the rectifier circuit 103 or the load 105.
Thus, as compared to the case where the resonant antenna 201
is connected to the AC power source 203 or the case where the
resonant antenna 101 is connected to the rectifier circuit 103
or the load 105, the Q-values of the resonant antenna 201 and
the resonant antenna 101 are increased. Consequently, power
transmission efficiency can be improved.

Next, the first operation and the second operation of the
power receiving device 100 according to one embodiment of
the present invention are specifically described using the
wireless power supply system in FIG. 1 as an example.

First, when AC voltage is outputted from the AC power
source 203 in the power supply device 200, the power is
wirelessly supplied to the resonant antenna 201 by electro-
magnetic induction coupling between the antenna 202 and the
resonant antenna 201. Then, the power supplied to the reso-
nant antenna 201 is wirelessly supplied to the resonant
antenna 101 by resonant coupling between the resonant
antenna 201 and the resonant antenna 101. Further, the power
supplied to the resonant antenna 101 is supplied to the power
receiving antenna 102 by electromagnetic induction coupling
between the resonant antenna 101 and the power receiving
antenna 102.

In the case where the first operation is performed in the
rectifier circuit 103 of the power receiving device 100, the
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switches 110 and 111 operate in accordance with a timing
chart in FIG. 3A. In FIG. 3A, a potential difference between
the power supply points A1 and A2 when the potential of the
power supply point A2 is regarded as a reference potential in
the power receiving antenna 102 is shown as voltage V.

According to the timing chart in FIG. 3A, when the voltage
V,, is low-level voltage, that is, when the potential of the
power supply point A2 is higher than that of the power supply
point A1, the switch 110 is OFF and the switch 111 is ON.
Accordingly, the potential of the power supply point A2,
which is higher than that of the power supply point Al, is
applied to the output terminal C1 through the switch 111.
Further, according to the timing chart in FIG. 3A, when the
voltage V , is high-level voltage, that is, when the potential of
the power supply point Al is higher than that of the power
supply point A2, the switch 110 is ON and the switch 111 is
OFF. Accordingly, the potential of the power supply point Al
that is higher than that of the power supply point A2 is applied
to the output terminal C1 through the switch 110.

By the above first operation, a potential that is higher than
the potential of the output terminal C2 is applied to the output
terminal C1. That is, by the above first operation, the AC
voltage V,, applied between the power supply points Al and
A2 is rectified and then DC voltage is applied between the
output terminals C1 and C2. The DC voltage applied between
the output terminals C1 and C2 is supplied to the load 105.

In the above first operation, the switching of ON and OFF
ofthe switches 110 and 111 can be determined in the control
circuit 104 in accordance with the cycle of the AC voltage
outputted from the AC power source 203 of the power supply
device 200.

FIG. 4A schematically illustrates flow of power in the
wireless power supply system in the case where the above first
operation is performed. Note that in FIG. 4A, the switches
110 and 111 in the rectifier circuit 103 are illustrated as a
single pole double throw switch. As shown in FIG. 4A, when
the rectifier circuit 103 performs the first operation, power
wirelessly transmitted from the power supply device 200 is
supplied to the load 105.

Note that the power receiving device 100 may have a
mechanism for monitoring voltage outputted from the recti-
fier circuit 103 in order to confirm whether or not the AC
voltage is rectified in the rectifier circuit 103 in the above first
operation. In this case, for example, the power receiving
device 100 may be provided with an analog-to-digital con-
verter for converting a voltage value outputted from the rec-
tifier circuit 103 from analog to digital. By a comparison of
the measured voltage value that is digitized by the analog-to-
digital converter and a reference voltage value in the control
circuit 104, whether or not the operations of the switches 110
and 111 are synchronized with the cycle of the AC voltage
applied from the power supply device 200 can be determined.
When it is determined that the operations of the switches 110
and 111 are not synchronized with the cycle of the AC volt-
age, the switching of ON and OFF of the switches 110 and
111 may be adjusted in the control circuit 104 such that the
operations of the switches 110 and 111 are synchronized with
the cycle of the AC voltage.

Further, in one embodiment of the present invention, the
length of the period during which one of the switches 110 and
111 is ON is adjusted in the rectifier circuit 103, whereby the
magnitude of the voltage outputted from the rectifier circuit
103 can be controlled. For example, the magnitude of the
voltage may be controlled in accordance with change in
impedance of the load 105.

Next, in the case where the second operation is performed
in the rectifier circuit 103 of the power receiving device 100,
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the switches 110 and 111 operate in accordance with a timing
chart in FIG. 3B. In FIG. 3B, as in FIG. 3A, a potential
difference between the power supply points A1 and A2 when
the potential of the power supply point A2 is regarded as a
reference potential in the power receiving antenna 102 is
shown as voltage V,,.

According to the timing chart in FIG. 3B, the switches 110
and 111 are kept ON. Therefore, since the power supply
points A1 and A2 are short-circuited by the second operation,
the voltage V,, is substantially equal to zero. Supply of power
to a circuit element or a wiring that is connected to the power
receiving antenna 102, specifically, the capacitor 112 in the
rectifier circuit 103, the circuit elements forming the load
105, the wiring provided in the rectifier circuit 103 or the load
105, and the like is stopped. Therefore, the resonant antenna
101 of the power receiving device 100 does not substantially
receive power from the resonant antenna 201 of the power
supply device 200.

FIG. 4B schematically illustrates flow of power in the
wireless power supply system in the case where the above
second operation is performed. Note that FIG. 4B illustrates a
state where the pair of power supply points of the antenna
element 109 of the power receiving antenna 102 in the recti-
fier circuit 103 are connected using a wiring. As shown in
FIG. 4B, in the case where the rectifier circuit 103 performs
the second operation, resonant coupling is not substantially
formed between the resonant antenna 101 of the power
receiving device 100 and the resonant antenna 201 of the
power supply device 200. Accordingly, power wirelessly
transmitted from the power supply device 200 is not supplied
to the load 105.

Therefore, in one embodiment of the present invention, in
the power receiving device 100, supply of power from the
power supply device 200 can be stopped without a short-
circuit between the pair of power supply points of the antenna
element 107 of the resonant antenna 101. Further, the stop of
the supply of power from the power supply device 200 to the
power receiving device 100 in which charging is completed
can improve power transmission efficiency from the power
supply device 200 to another power receiving device.

Embodiment 2

In this embodiment, the structure of the power receiving
device 100 which uses a power storage device as the load 105
is described.

FIG. 5 illustrates the structure of the power receiving
device 100 according to one embodiment of the present
invention. The power receiving device 100 in FIG. 5 is dif-
ferent from the power receiving devices 100 in FIG. 1 and
FIG. 2 in the structure of the load 105. In FIG. 5, the load 105
includes a power storage device 114 and a charge control
circuit 115. Note that the load 105 may include a load in
addition to the power storage device 114 and the charge
control circuit 115.

Current is supplied to the power storage device 114 using
voltage transmitted from the rectifier circuit 103, whereby
charge is stored in the power storage device 114; therefore,
power is stored in the power storage device 114. The power
storage device 114 includes at least a pair of input terminals;
charge is supplied from one input terminal and a reference
potential such as a ground potential is applied to the other
input terminal. When charging is completed and charge is
sufficiently stored in the power storage device 114, that is,
when the power storage device 114 is fully charged, voltage
between the input terminals reaches a predetermined value
Vos.
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Note that it can be assumed that determination whether the
power storage device 114 is fully charged or not depends on
the practitioner. The value of voltage Vos may be set as appro-
priate by the practitioner.

A secondary battery, a capacitor, or the like can be used as
the power storage device 114. As the secondary battery, for
example, a lead-acid battery, a nickel-cadmium battery, a
nickel-hydride battery, a lithium-ion battery, or the like can be
used. Further, the capacitor can be, for example, an electric
double layer capacitor, or a hybrid capacitor in which one of
a pair of electrodes has an electric double layer structure and
the other utilizes an oxidation-reduction reaction. The hybrid
capacitor, for example, includes a lithium ion capacitor in
which a positive electrode has an electric double layer struc-
ture, and a negative electrode has a lithium ion secondary
battery structure.

The charge control circuit 115 has a function of preventing
the power storage device 114 from being charged after the
power storage device 114 is fully charged, that is, from being
overcharged. Specifically, when the voltage between the pair
of input terminals reaches the predetermined value Vos, the
charge control circuit 115 determines that the power storage
device 114 is fully charged, and stops supply of current to the
power storage device 114.

Further, in one embodiment of the present invention, the
rectifier circuit 103 can be switched from the first operation to
the second operation using information that the power storage
device 114 is fully charged. Specifically, the charge control
circuit 115 notifies the control circuit 104 of the information
that the power storage device 114 is fully charged. In the
control circuit 104, when the above information is notified, a
signal for controlling whether each of the switches 110 and
111 is ON or OFF is generated so that the rectifier circuit 103
is switched from the first operation to the second operation.
When the second operation is performed in the rectifier cir-
cuit 103, the resonant antenna 101 of the power receiving
device 100 does not substantially receive power from the
resonant antenna 201 of the power supply device 200.

Therefore, in one embodiment of the present invention, in
the power receiving device 100, supply of power from the
power supply device 200 can be stopped without a short-
circuit between the pair of power supply points of the antenna
element 107 of the resonant antenna 101. Therefore, in the
power receiving device 100 in which charging is completed
and supply of power is unnecessary, a circuit element, a
wiring, and the like that are connected to the power receiving
antenna 102 are charged and discharged, so that power con-
sumption can be prevented. The stop of the supply of power
from the power supply device 200 to the power receiving
device 100 in which charging is completed can improve trans-
mission efficiency of power supplied to another power receiv-
ing device while charging.

Note that the load 105 may include a power converter
circuit for converting power outputted from the rectifier cir-
cuit 103 into power having a voltage or a current that is
suitable for charging of the power storage device 114. As the
power converter circuit, a DC-DC converter or the like can be
used.

Further, in the power receiving device 100 in FIG. 5, as in
the wireless power supply system in FIG. 1, the receiving
circuit 106 may receive a signal including, as data, the cycle
of the AC voltage applied from the transmitting circuit 205
through a group of antennas for supplying power. Alterna-
tively, in the power receiving device 100 in FIG. 5, as in the
wireless power supply system in FIG. 2, the receiving circuit
106 may receive a signal including, as data, the cycle of the
AC voltage applied from the transmitting circuit 205 through
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a group of antennas different from the group of antennas for
supplying power. Further alternatively, some of the antennas
may belong to both of the group of antennas for supplying
power and the group of antennas for transmitting and receiv-
ing a signal.

This embodiment can be implemented in appropriate com-
bination with any of the other embodiments.

Embodiment 3

The present inventor measured loss of power transfer in
wireless power supply from a power supply device to a power
receiving device. In this embodiment, the results are
described.

The loss of power transfer was measured using different
three conditions. Under a first condition, as shown in FIG. 6 A,
a power supply device 301 and a power receiving device 303
were used. In the power receiving device 303, it is estimated
that the first operation was performed in a rectifier circuit.
Under the first condition, the power receiving device 303 was
arranged within a region where a radio wave outputted from
the power supply device 301 could be received.

Under a second condition, as shown in FIG. 6B, the power
supply device 301, the power receiving device 303, and a
power receiving device 304 were used. In the power receiving
devices 303 and 304, it is estimated that the first operation was
performed in the rectifier circuit. Under the second condition,
the power receiving devices 303 and 304 were arranged
within a region where a radio wave outputted from the power
supply device 301 could be received.

Under a third condition, as shown in FIG. 6C, the power
supply device 301 and the power receiving devices 303 and
304 were used. In the power receiving device 303, the first
operation was performed in the rectifier circuit. In the power
receiving device 304, the second operation is performed in the
rectifier circuit. Under the third condition, the power receiv-
ing devices 303 and 304 were arranged within a region where
a radio wave outputted from the power supply device 301
could be received.

Further, under the first to third conditions, frequency f of
AC voltage outputted from an AC power supply 302 of the
power supply device 301 was changed from 11.56 MHz to
15.56 MHz; the loss of power transfer in wireless power
supply from the power supply device 301 to the power receiv-
ing device 303 was measured.

FIG. 7 shows measurement values of the loss of power
transfer (dB) with respect to the frequency f (MHz). InFI1G. 7,
a solid line denoted by Pattern 1 shows a relation between the
frequency f (MHz) and the loss of power transfer (dB) under
the first condition. A solid line denoted by Pattern 2 shows a
relation between the frequency f(MHz) and the loss of power
transfer (dB) under the second condition. A solid line denoted
by Pattern 3 shows a relation between the frequency f (MHz)
and the loss of power transfer (dB) under the third condition.

In FIG. 7, with the frequency f of 13.56 MHz, the loss of
power transfer under the first condition (the solid line denoted
by Pattern 1) is substantially equal to the loss of power trans-
fer under the third condition (the solid line denoted by Pattern
3). Accordingly, it was proved that power transmission effi-
ciency from the power supply device 301 to the power receiv-
ing device 303 is not largely changed depending on whether
or not the power receiving device 304 in which the second
operation is performed in the rectifier circuit exists within a
region where a radio wave outputted from the power supply
device 301 can be received.

Further, in FIG. 7, with the frequency f of 13.56 MHz, the
loss of power transfer under the second condition (the solid
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line denoted by Pattern 2) is less than that under the other
conditions. Accordingly, it was proved that the power trans-
mission efficiency from the power supply device 301 to the
power receiving device 303 is largely reduced when the
power receiving device 304 in which the first operation is
performed in the rectifier circuit exists within a region where
a radio wave outputted from the power supply device 301 can
be received.

This embodiment can be implemented in appropriate com-
bination with any of the other embodiments.

Embodiment 4

In this embodiment, more specific structures of the power
receiving device 100 and the power supply device 200
according to one embodiment of the present invention is
described.

FIG. 8 illustrates an example of a specific structure of the
power receiving device 100. The power receiving device 100
includes the resonant antenna 101, the power receiving
antenna 102, the rectifier circuit 103, the control circuit 104,
the load 105, and the receiving circuit 106.

The resonant antenna 101 is shown in an equivalent circuit
in which the antenna element 107 and the capacitor 108 are
connected to each other.

The power supply points A1 and A2 of the power receiving
antenna 102 are connected to the input terminals B1 and B2 of
the rectifier circuit 103, respectively. Accordingly, the poten-
tial of the power supply point Al is applied to the input
terminal B1 and the potential of the power supply point A2 is
applied to the input terminal B2.

Further, the rectifier circuit 103 includes a transistor 110z
serving as the switch 110 and a transistor 1117 serving as the
switch 111. Furthermore, the rectifier circuit 103 includes the
capacitor 112 in FIG. 8.

Note that although the case where one transistor 110z is
used as the switch 110 is described as an example in FIG. 8,
a plurality of transistors or a circuit element other than a
transistor may be used as the switch 110. Further, although
the case where one transistor 111¢is used as the switch 111 is
described as an example in FIG. 8, a plurality of transistors or
a circuit element other than a transistor may be used as the
switch 111.

One of a source terminal and a drain terminal of the tran-
sistor 110¢ is connected to the input terminal B1 and the other
is connected to the output terminal C1. One of a source
terminal and a drain terminal of the transistor 111¢ is con-
nected to the input terminal B2 and the other is connected to
the output terminal C1.

Note that a “source terminal” of a transistor means a source
region that is part of an active layer or a source electrode that
is connected to an active layer. Similarly, “drain terminal” of
atransistor means a drain region that is a part of an active layer
or a drain electrode connected to an active layer.

The control circuit 104 supplies a potential to a gate elec-
trode of the transistor 1107 and supplies a potential to a gate
electrode of the transistor 111¢. In this manner, the rectifier
circuit 103 can perform either the first operation or the second
operation in accordance with the potentials applied from the
control circuit 104 to the gate electrode of the transistor 110¢
and the gate electrode of the transistor 111z

One of electrodes of the capacitor 112 is connected to the
output terminal C1 and the other of the electrodes of the
capacitor 112 is connected to the output terminal C2. Further,
a reference potential such as a ground potential is applied to
the output terminal C2 and a potential difference between the
output terminals C1 and C2 is smoothed by the capacitor 112.
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Accordingly, the smoothed potential difference between the
output terminals C1 and C2 is applied to the load 105 as AC
voltage.

Next, FIG. 9 illustrates an example of a specific structure of
the power supply device 200. The power supply device 200
includes the resonant antenna 201, the antenna 202, the AC
power source 203, the control circuit 204, and the transmit-
ting circuit 205.

The resonant antenna 201 is shown in an equivalent circuit
in which the antenna element 206 and the capacitor 207 are
connected to each other. The antenna 202 is shown in an
equivalent circuit in which the antenna element 208 and the
capacitor 209 are connected to each other.

The AC power source 203 includes a transistor 211z, a
transistor 212z, a transistor 213¢, and a transistor 2147 serving
as switches and a DC power source 215. One of a source
terminal and a drain terminal of the transistor 211¢ is supplied
with voltage from the DC power source 215 and the other is
connected to an output terminal D2 of the AC power source
203. A potential from the DC power source 215 is higher than
a reference potential such as a ground potential. One of a
source terminal and a drain terminal of the transistor 212¢ is
connected to an output terminal D1 of the AC power source
203 and the other is supplied with a reference potential such
as a ground potential. One of a source terminal and a drain
terminal of the transistor 2137 is connected to the output
terminal D2 of the AC power source 203 and the other is
supplied with a reference potential such as a ground potential.
One of a source terminal and a drain terminal of the transistor
214¢ is supplied with a potential from the DC power source
215 and the other is connected to the output terminal D1 ofthe
AC power source 203.

The control circuit 204 supplies a potential to a gate elec-
trode of each of the transistors 211¢ to 214¢. The transistors
211¢ to 214¢ are ON or OFF, whereby the potential from the
DC power source 215 and the reference potential are alter-
nately applied to the output terminals D1 and D2 and AC
voltage is applied between the output terminals D1 and D2.
After that, the AC voltage is supplied to the antenna 202.

The control circuit 204 controls the potentials applied to
the above gate electrodes, whereby the cycle of the AC volt-
age supplied from the AC power source 203 to the antenna
202 is controlled.

Next, an operation example of the power receiving device
100 in FIG. 8 and the power supply device 200 in FIG. 9 is
described using timing charts in FIGS. 10A and 10B. Note
that an example in which n-channel transistors are used for all
ofthe transistors 110¢ and 111# and the transistors 211¢ to 214¢
is described in FIGS. 10A and 10B.

In the case where the first operation is performed in the
rectifier circuit 103 of the power receiving device 100, the
transistors 1107 and 111¢ and the transistors 211¢ to 214¢
operate in accordance with the timing chart in FIG. 10A. In
FIG. 10A, a potential difference between the power supply
points Al and A2 when the potential of the power supply
point A2 is regarded as a reference potential in the power
receiving antenna 102 is shown as voltage V,,.

According to the timing chart in FIG. 10A, when the poten-
tial applied to the gate electrode of each of the transistors 211¢
and 212¢ is a high-level potential, the potential applied to the
gate electrode of each of the transistors 213¢ and 2147 is a
low-level potential. That is, when the transistors 2117 and
212¢ are ON, the transistors 213¢ and 214¢ are OFF.

By the above operation, the reference potential is applied to
the output terminal D1 and the potential from the DC power
source 215 is applied to the output terminal D2. Therefore,
when the potential of the output terminal D2 is regarded as a
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reference potential, the voltage between the output terminals
D1 and D2 is low-level voltage. Further, the voltage between
the output terminals D1 and D2 is applied to the power supply
points Al and A2 through the antenna 202, the resonant
antenna 201, the resonant antenna 101, and the power receiv-
ing antenna 102; therefore, the voltage V,, is low-level volt-
age.
Further, according to the timing chart in FIG. 10A, when
the potential applied to the gate electrode of each of the
transistors 2117 and 212¢is a low-level potential, the potential
applied to the gate electrode of each of the transistors 213¢and
214¢ is a high-level potential. That is, when the transistors
211¢ and 212¢ are OFF, the transistors 2137 and 214¢ are ON.

By the above operation, the potential from the DC power
source 215 is applied to the output terminal D1 and the ref-
erence potential is applied to the output terminal D2. There-
fore, when the potential of the output terminal D2 is regarded
as a reference potential, the voltage between the output ter-
minals D1 and D2 is high-level voltage. Further, the voltage
between the output terminals D1 and D2 is applied to the
power supply points Al and A2 through the antenna 202, the
resonant antenna 201, the resonant antenna 101, and the
power receiving antenna 102; therefore, the voltage V,, is
high-level voltage.

Further, according to the timing chart in FIG. 10A, when
the voltage V,, is low-level voltage, that is, when the potential
of'the power supply point A2 is higher than that of the power
supply point A1, the potential applied to the gate electrode of
the transistor 1107 is a low-level potential and the potential
applied to the gate electrode of the transistor 1117 is a high-
level potential. That is, the transistor 1107 is OFF and the
transistor 1117 is ON. Accordingly, the potential of the power
supply point A2, which is higher than that of the power supply
point Al, is applied to the output terminal C1 through the
transistor 111z

Further, according to the timing chart in FIG. 10A, when
the voltage V,, is high-level voltage, that is, when the potential
of'the power supply point A1 is higher than the potential of the
power supply point A2, the potential applied to the gate elec-
trode of the transistor 110z is a high-level potential and the
potential applied to the gate electrode of the transistor 111¢ is
alow-level potential. That is, the transistor 110z is ON and the
transistor 111¢is OFF. Accordingly, the potential of the power
supply point A1, which is higher than that of the power supply
point A2, is applied to the output terminal C1 through the
transistor 110z

By the above first operation, a potential that is higher than
the potential of the output terminal C2 is applied to the output
terminal C1. That is, by the above first operation, the AC
voltage V,, applied between the power supply points Al and
A2 is rectified and then DC voltage is applied between the
output terminals C1 and C2. The DC voltage applied between
the output terminals C1 and C2 is supplied to the load 105.

In the above first operation, the switching of ON and OFF
of the transistors 110¢ and 111¢ can be determined in the
control circuit 104 in accordance with the cycle of the AC
voltage outputted from the AC power source 203 of the power
supply device 200.

Further, in the case where the second operation is per-
formed in the rectifier circuit 103 of the power receiving
device 100, the transistors 1107 and 111¢ and the transistors
211¢ to 214¢ operate in accordance with the timing chart in
FIG. 10B. Also in FIG. 10B, a potential difference between
the power supply points A1 and A2 when the potential of the
power supply point A2 is regarded as a reference potential in
the power receiving antenna 102 is shown as voltage V.
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The operations of the transistors 211z to 2147 of the power
supply device 200 in the case where the first operation is
performed are the same as those in the case where the second
operation is performed. Therefore, when the transistors 211¢
to 214¢ operate in accordance with the timing chart in FIG.
10B, low-level voltage and high-level voltage are alternately
applied between the output terminals D1 and D2.

Further, according to the timing chart in FIG. 10B, the
potential applied to the gate electrode of each of the transis-
tors 1107 and 111¢ remains to be high-level. That is, the
transistors 110¢ and 1117 remain to be ON. Therefore, the
power supply points Al and A2 are short-circuited and thus
the voltage V, is substantially equal to zero. Even when low-
level voltage and high-level voltage are alternately applied
between the output terminals D1 and D2, supply of power to
a circuit element or a wiring that is connected to the power
receiving antenna 102, specifically, the capacitor 112 in the
rectifier circuit 103, the circuit elements forming the load
105, the wiring provided in the rectifier circuit 103 or the load
105, and the like is stopped. Therefore, the resonant antenna
101 of the power receiving device 100 does not substantially
receive power from the resonant antenna 201 of the power
supply device 200.

Therefore, in one embodiment of the present invention, in
the power receiving device 100, supply of power from the
power supply device 200 can be stopped without a short-
circuit between the pair of power supply points of the antenna
element 107 of the resonant antenna 101. Further, the stop of
the supply of power from the power supply device 200 to the
power receiving device 100 in which charging is completed
can improve power transmission efficiency from the power
supply device 200 to another power receiving device.

Note that, in the power receiving device 100 in FIG. 8 and
the power supply device 200 in FIG. 9, as in the wireless
power supply system in FIG. 1, the receiving circuit 106 may
receive a signal including, as data, the cycle of the AC voltage
applied from the transmitting circuit 205 through a group of
antennas for supplying power. Alternatively, in the power
receiving device 100 in FIG. 8 and the power supply device
200 in FIG. 9, as in the wireless power supply system in FIG.
2, the receiving circuit 106 may receive a signal including, as
data, the cycle of the AC voltage applied from the transmitting
circuit 205 through a group of antennas different from the
group of antennas for supplying power. Further alternatively,
part of the antennas may belong to both of the group of
antennas for supplying power and the group of antennas for
transmitting and receiving a signal.

This embodiment can be implemented in appropriate com-
bination with any of the other embodiments.

Embodiment 5

A power receiving device according to one embodiment of
the present invention is an electronic apparatus that can wire-
lessly receive external power. Specific examples of the power
receiving device according to one embodiment of the present
invention include display devices, laptops, image reproduc-
ing devices provided with recording media (typically, devices
which reproduce the content of recording media such as digi-
tal versatile discs (DVDs) and have displays for displaying
reproduced images), cellular phones, portable game
machines, personal digital assistants, e-book readers, cam-
eras such as video cameras and digital still cameras, goggle-
type displays (head mounted displays), navigation systems,
audio reproducing devices (e.g., car audio systems and digital
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audio players), copiers, facsimiles, printers, multifunction
printers, automated teller machines (ATM), vending
machines, and the like.

A power receiving device according to one embodiment of
the present invention may be a moving object powered by an
electric motor. The moving object is a motor vehicle (a motor-
cycle or an ordinary motor vehicle with three or more
wheels), a motor-assisted bicycle including an electric
bicycle, an airplane, a vessel, a rail car, or the like.

The case where power is wirelessly supplied from a power
supply device to a plurality of moving objects that can wire-
lessly receive external power is described in this embodiment.

First, as shown in FIG. 11A, power is supplied from a
power supply device 500 to an ordinary motor vehicle 501, an
ordinary motor vehicle 502, and an electric wheelchair 503 by
electromagnetic resonant wireless power supply. The ordi-
nary motor vehicle 501, the ordinary motor vehicle 502, and
the electric wheelchair 503 each include a power storage
device and a charge control circuit as a load. Part of power
supplied from the power supply device 500 is stored in the
power storage device in each of the ordinary motor vehicle
501, the ordinary motor vehicle 502, and the electric wheel-
chair 503.

As shown in FIG. 11A, while the wireless power supply is
performed, the rectifier circuit in each of the ordinary motor
vehicle 501, the ordinary motor vehicle 502, and the electric
wheelchair 503 performs the first operation.

After that, for example, when the power storage device in
the electric wheelchair 503 is fully charged, the operation of
the rectifier circuit in the electric wheelchair 503 is switched
from the first operation to the second operation in response to
a signal from the charge control circuit. Then, the stop of the
supply of power from the power supply device 500 to the
electric wheelchair 503 in which charging is completed can
improve power transmission efficiency from the power sup-
ply device 500 to the ordinary motor vehicle 501 and the
ordinary motor vehicle 502 (see FIG. 11B).

This embodiment can be implemented in appropriate com-
bination with any of the other embodiments.

This application is based on Japanese Patent Application
serial no. 2011-282434 filed with Japan Patent Office on Dec.
23,2011, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A power receiving device comprising:

a first antenna configured to form resonant coupling with
an antenna of a power supply device and receive first
power from the power supply device through the reso-
nant coupling;

a second antenna configured to form electromagnetic
induction coupling with the first antenna and receive
second power from the first antenna through the electro-
magnetic induction coupling with the first antenna;

a rectifier circuit configured to generate DC voltage by
rectifying AC voltage applied from the power supply
device through the first antenna and the second antenna;

a load to which the DC voltage outputted from the rectifier
circuit is applied; and

a control circuit configured to generate a signal for control-
ling whether the DC voltage is generated by the rectifier
circuit or not.

2. The power receiving device according to claim 1, further
comprising a receiving circuit, wherein the receiving circuit
extracts a signal including a cycle from AC voltage received
by the second antenna as data, and supply the signal to the
control circuit.
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3. A power receiving device comprising:

a first antenna configured to form resonant coupling with
an antenna of a power supply device and receive first
power from the power supply device through the reso-
nant coupling;

a second antenna configured to form electromagnetic
induction coupling with the first antenna and receive
second power from the first antenna through the electro-
magnetic induction coupling with the first antenna;

a rectifier circuit comprising a first switch and a second
switch, the rectifier circuit being configured to generate
DC voltage by rectifying AC voltage applied from the
power supply device through the first antenna and the
second antenna;

a load to which the DC voltage outputted from the rectifier
circuit is applied; and

a control circuit configured to control ON or OFF of the
first switch and the second switch,

wherein the control circuit is configured so that the DC
voltage is generated by the rectifier circuit in the case
where one of'the first switch and the second switchis ON
and the other of the first switch and the second switch is
OFF, and

wherein the control circuit is configured so that the DC
voltage is not generated by the rectifier circuit in the case
where both of the first switch and the second switch are
ON.

4. The power receiving device according to claim 3, further
comprising a receiving circuit configured to wirelessly
receive a first signal comprising a data of a cycle of the AC
voltage from the second antenna,

wherein the control circuit is configured to generate a sec-
ond signal for selecting ON or OFF of the first switch
and the second switch in response to the first signal.

5. The power receiving device according to claim 3,
wherein the load comprises a power storage device config-
ured to be charged with the DC voltage and a charge control
circuit configured to send notification to the control circuit
when the charging is completed in the power storage device,
and

wherein the control circuit is configured to generate a sig-
nal for controlling the rectifier circuit so that the DC
voltage is not generated by the rectifier circuit when the
charging is completed in the power storage device.

6. The power receiving device according to claim 5,
wherein the power storage device comprises a secondary
battery including any one of a lead-acid battery, a nickel-
cadmium battery, a nickel-hydride battery and a lithium-ion
battery.

7. The power receiving device according to claim 5,
wherein the power storage device is an electric double layer
capacitor or a hybrid capacitor which comprises a first elec-
trode which is capable of forming an electric double layer
structure and a second electrode which is capable of under-
going an oxidation-reduction reaction when the power stor-
age device is charged.

8. The power receiving device according to claim 3, further
comprising a receiving circuit, wherein the receiving circuit
extracts a signal including a cycle from AC voltage received
by the second antenna as data, and supply the signal to the
control circuit.

9. A wireless power supply system comprising:

a power supply device; and

apower receiving device, the power receiving device com-
prising:
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afirst antenna configured to form resonant coupling with
an antenna of the power supply device and receive
first power from the power supply device through the
resonant coupling;

a second antenna configured to form electromagnetic
induction coupling with the first antenna and receive
second power from the first antenna through the elec-
tromagnetic induction coupling with the first antenna;

a rectifier circuit comprising a first switch and a second
switch, the rectifier circuit being configured to gener-
ate DC voltage by rectifying AC voltage applied from
the power supply device through the first antenna and
the second antenna;

a load to which the DC voltage outputted from the rec-
tifier circuit is applied; and

a control circuit configured to control ON or OFF of the
first switch and the second switch,

wherein the control circuit is configured so that the DC
voltage is generated by the rectifier circuit in the case
where one of the first switch and the second switchis ON
and the other of the first switch and the second switch is
OFF, and
wherein the control circuit is configured so that the DC
voltage is not generated by the rectifier circuit in the case
where both of the first switch and the second switch are

ON.

10. The wireless power supply system according to claim
9, further comprising a receiving circuit configured to wire-
lessly receive a first signal comprising a data of a cycle of the
AC voltage from the second antenna,
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wherein the control circuit is configured to generate a sec-
ond signal for selecting ON or OFF of the first switch
and the second switch in response to the first signal.

11. The wireless power supply system according to claim
9, wherein the load comprises a power storage device config-
ured to be charged with the DC voltage and a charge control
circuit configured to send notification to the control circuit
when the charging is completed in the power storage device,
and

wherein the control circuit is configured to generate a sig-

nal controlling the rectifier circuit so that the DC voltage
is not generated by the rectifier circuit when the charging
is completed in the power storage device.

12. The wireless power supply system according to claim
11, wherein the power storage device comprises a secondary
battery including any one of a lead-acid battery, a nickel-
cadmium battery, a nickel-hydride battery and a lithium-ion
battery.

13. The wireless power supply system according to claim
11, wherein the power storage device is an electric double
layer capacitor or a hybrid capacitor which comprises a first
electrode which is capable of forming an electric double layer
structure and a second electrode which is capable of under-
going an oxidation-reduction reaction when the power stor-
age device is charged.

14. The power receiving device according to claim 9, fur-
ther comprising a receiving circuit, wherein the receiving
circuit extracts a signal including a cycle from AC voltage
received by the second antenna as data, and supply the signal
to the control circuit.



